The TRAPPIST-1 planetary system represents an exceptional opportunity for the atmospheric characterization of temperate terrestrial exoplanets with the upcoming James Webb Space Telescope (JWST). Assessing the potential impact of stellar contamination on the planets' transit transmission spectra is an essential precursor step to this characterization. Planetary transits themselves can be used to scan the stellar photosphere and to constrain its heterogeneity through transit depth variations in time and wavelength. In this context, we present our analysis of 169 transits observed in the optical from space with K2 and from the ground with the SPECULOOS and Liverpool telescopes. Combining our measured transit depths with literature results gathered in the mid/near-IR with Spitzer/IRAC and HST/WFC3, we construct the broadband transmission spectra of the TRAPPIST-1 planets over the 0.8-4.5 µm spectral range. While planets b, d, and f spectra show some structures at the 200-300ppm level, the four others are globally flat. Even if we cannot discard their instrumental origins, two scenarios seem to be favored by the data: a stellar photosphere dominated by a few high-latitude giant (cold) spots, or, alternatively, by a few small and hot (3500-4000K) faculae. In both cases, the stellar contamination of the transit transmission spectra is expected to be less dramatic than predicted in recent papers. Nevertheless, based on our results, stellar contamination can still be of comparable or greater order than planetary atmospheric signals at certain wavelengths. Understanding and correcting the effects of stellar heterogeneity therefore appears essential to prepare the exploration of TRAPPIST-1's with JWST.
The nearby (∼12 pc) TRAPPIST-1 system is composed of an M8-type dwarf star orbited by seven nearly Earth-sized, temperate, planets (Gillon et al. 2017, hereafter G17) . Considering their transiting nature combined with the infrared brightness (K=10.3) and the Jupiter-like size of their host star (∼0.12 R , Van Grootel et al. 2018) , these planets are particularly promising candidates for the first thorough atmospheric characterizations of temperate terrestrial worlds with the upcoming James Webb Space Telescope (JWST) (G17, Barstow and Irwin 2016, Morley et al. 2017) . However, some recent works proposed that an inhomogeneous stellar photosphere -as anticipated for red dwarfs like TRAPPIST-1-could strongly complicate the information content of the exoplanets' transmission spectra, limiting the deciphering of their atmospheric properties (Apai et al. 2018; Rackham et al. 2018, hereafter R18) . Therefore, the quantification and the correction of this spectral contamination should be a critical preliminary step before any intensive follow-up of the planets with JWST.
From TRAPPIST-1's K2 variability, R18 estimated TRAPPIST-1's coverage to be 8 +18 −7 % of cold spots and 54
+16
−46 % of hot faculae, assuming Solar-type spots (which maximize the impact on the planets' transit spectra). They concluded that such a strong heterogeneous photosphere could alter the transit depth of the planets by roughly 1 to 15 times the strength of planetary features, dramatically complicating the follow-up observations with JWST. More recently, Zhang et al. (2018, hereafter Z18) analyzed the near-IR data obtained with HST/WFC3 for several TRAPPIST-1 planets, and compared their resulting transit spectra with the R18 stellar contamination model. They concluded that the star should be almost entirely covered by spots (∼ 30%) and faculae (∼ 63%) -essentially a "two-component photosphere"-and predicted dramatic (a few dozens of %) chromatic variations of the transit depths, especially in the optical.
In this context, we present here our analysis of 169 transit light curves observed in the optical by the K2 (Luger et al. 2017) , SPECULOOS (Burdanov et al. 2017 , Gillon 2018 and Liverpool (Steele et al. 2004) telescopes. We combine our measurements with the ones obtained in the mid-IR by Spitzer/IRAC ) and in the near-IR by HST/WFC3 to construct the broadband transmission spectra of the TRAPPIST-1 planets over the 0.8-4.5 µm spectral range. We confront these spectra with stellar contamination models in order to assess the impact of the heterogeneity of the star's photosphere on the atmospheric characterization of its planets.
The new observations and their reduction are described in Section 2, as well as our detailed data analysis and results. In Section 3 we discuss the temporal variability of the measured transit depths, as well as the structure of the planets' broadband transit transmission spectra, notably leveraging the visible part of these spectra for the first time. We present two different scenarios able to fit the spectra, and for which stellar heterogeneity could be dominated by a few giant cold spots or a few small hot faculae, and discuss their implications for the atmospheric characterization of the planets. Finally, we give our conclusions in Section 4.
OBSERVATIONS AND DATA ANALYSIS

Observations
The new data used in this work consists of transit light curves of the TRAPPIST-1 planets observed from the ground by the SPECULOOS (Gillon 2018) and Liverpool (Steele et al. 2004 ) telescopes and from space by the K2 mission (Howell et al. 2014) .
We observed 37 different transits with 1 or 2 telescopes of the SPECULOOS-South Observatory (SSO, Burdanov et al. 2017 , Gillon 2018 at Cerro Paranal, Chile (see Table 1 ), in the context of the commissioning of the facility. This represents 52 transits in total as some were observed with two SSO telescopes simultaneously. Each SSO robotic telescope has a primary aperture of 1m and a focal length of 8m, and is equipped with a 2k×2k deep-depletion CCD camera whose 13.5 µm pixel size corresponds to 0.35" on the sky (field of view = 12 x12 ). These observations were carried out in an I+z filter for which we computed an effective wavelength of ∼0.9µm for a M8-type star like TRAPPIST-1, taking into account the spectral response curve of the telescope+atmosphere. Exposure times of 23s were used for all observations. A standard calibration (bias, dark and flat-field corrections) was applied to each image, and fluxes were measured for the stars in the field with the DAOPHOT aperture photometry software (Stetson 1987) . Differential photometry was then performed after a careful selection of comparison stars.
We obtained 13 transits of the TRAPPIST-1 planets with the use of 2-m Liverpool Telescope (LT, Steele et al. 2004 ) installed on the island of La Palma at the Roque de los Muchachos observatory. For our observations, we used the IO:O optical wide field camera which has 4k×4k deep-depletion CCD with 15 µm-sized pixels and 10×10 arcmin 2 field of view. We used 2×2 binning what resulted in 0.3 arcsec pixel −1 image scale. All the observations were performed in Sloan z' band with 20 sec exposures. Data reduction and subsequent aperture photometry were carried out in the same manner as for the SSO data.
TRAPPIST-1 was observed with the K2 telescope in an overall bandpass ranging from 420 to 900 nm over a period of 79 days in Campaign 12, which represents a total of 104 transits. The short cadence Target Pixel File (TPF), with a cadence rate of 1-per-minute, was downloaded from the Mikulski Archive for Space Telescope (MAST). We used the same procedure to extract and detrend the lightcurve as in Luger et al. (2017) and Grimm et al. (2018) . We first applied a centroiding algorithm to find the (x,y) position of the PSF center in each cadence frame. We summed the flux within a circular top-hat aperture, centered on the PSF center in each frame. We used a Gaussian Process regression pipeline (Luger et al. (2017) , Grimm et al. (2018) ) to remove the instrumental systematics due to K2 telescope's periodic roll angle drift, and the stellar variability. The systematics were fitted using a kernel that contained additive terms for the time-and position-dependent variation, enabling us to separate and subtract them individually. To ensure that the transits were not fitted as stellar variability, we masked them out during the fitting and regression procedure. The stellar and long-term variability was then subtracted from the light curve. The 6-hour combined differential photometric precision (CDPP) of the detrended lightcurve is 339 ppm.
We considered only well-isolated and complete transits in our analysis, discarding blended transits of different planets (9 transits discarded), partial transits (6 transits discarded), transits affected by flares (7 transits discarded), and transits affected by technical problems or bad weather conditions (3 transits discarded). In total 35 transits were discarded. Our final dataset was composed of 169 transit light curves, respectively 67 for TRAPPIST-1 b, 45 for -1 c, 21 for -1 d, 18 for -1 e, 8 for -1 f, 7 for -1 g, and 5 for -1 h. The number of transits kept for each planet is presented in Table 1 for K2, SSO, and LT.
Planet
K2 SSO LT TRAPPIST-1 b 42  20  4  TRAPPIST-1 c 29  11  5  TRAPPIST-1 d 15  5  1  TRAPPIST-1 e  8  8  2  TRAPPIST-1 f  6  2  /  TRAPPIST-1 g  3  3  /  TRAPPIST-1 h  1  3  1   Table 1 . Number of transits observed by K2, SSO, and LT analyzed in this work for each TRAPPIST-1 planet.
Data analysis
We chose to follow different approaches in our data analysis to ensure the robustness of our results. First, we analyzed each transit individually to extract their individual properties to, notably, search for signs of variability. Then, we proceeded to a global analysis of all transit light curves for each planet to determine precisely the average transit depths in K2, SSO, and LT bandpass. Finally, we performed an additional global analysis, this time enabling all transits to have different depths in order to assess their variability. For those two distinct global analyses, the transits observed by K2, SSO, and LT were analyzed separately. All of our analyses were performed with the most recent version of the adaptive Markov Chain Monte-Carlo (MCMC) code introduced in Gillon et al. (2012) (see Gillon et al. 2014, hereafter G14 , for an extensive description of our MCMC algorithm). In this work we assumed a quadratic limb-darkening law for all the analyses, using normal prior distributions for the limb-darkening coefficients u 1 and u 2 based on theoretical values and 1σ errors interpolated from the tables of Claret and Bloemen (2011) . The modes of the normal prior distributions for u 1 and u 2 for the non-conventional I+z filter used by SSO were chosen as the average of the values interpolated from the tables for the standard filters I c and z .
Finally, for each instrument we also performed a global analysis of all transits for each planets with free limbdarkening (LD) coefficients, those values being the same across all planets within each global analysis. The aim of this analysis was to better constrain the limb darkening coefficients, as each planet samples a different chord of the stellar photosphere. For K2, the fitted limb-darkening coefficients through this procedure are consistent with the model-based limb-darkening priors used in the other analyses, the output LD coefficients from this global analysis were successfully constrained by the many transits. In this case, their respective values were: u1=1.00 +-0.1 ; u2=-0.04+-0.2 whereas the priors used on the LD coefficients in the rest of our analyses from interpolation of Claret and Bloemen (2011) tables were u1=0.99 +-0.09 ; u2=-0.19 +-0.08, which is consistent. The transit depths derived from this analysis are consistent with the remainder of our analyses (Appendix Table 15 ). Unfortunately, for SSO and LT these global analyses failed to converge, meaning that the data do not allow for the constraint of the limb darkening coefficients.
Individual analyses of the light curves
First, we converted for each photometric measurement the mid-exposure time to the BJD T DB time system, as recommended by Eastman et al. (2010) . We modeled each transit with the model of Mandel and Agol (2002) multiplied by a baseline model accounting for the photometric variations of stellar, atmospheric, and instrumental origins (see G14). For each light curve, the model selection was based on the minimization of Bayesian Information Criterion (BIC, Schwarz 1978) . For a significant fraction of the light curves obtained by K2 and SSO, including a polynomial function of time in the model -to account for the low-frequency signals like the rotational variability of the star-resulted in a significant decrease of the BIC (see appendix Table. 6). For some SSO and LT light curves, additional terms in the position or width of the stellar point-spread function were also favored (see appendix Table.5, Table. 7). A small fraction of the SSO's light curves' baselines also included an airmass and/or a background polynomial function.
For each transit light curve, the jump parameters of the MCMC analysis, i.e. the parameters perturbed at each step of the Markov chains, were:
• The transit depth (planet-to-star area ratio) dF = (R p /R ) 2 , the time of mid-transit (or inferior conjunction) T 0 , and the transit impact parameter assuming a circular orbit b=a cos i/R , where a is the semi major axis and i the inclination of the orbit.
• The mass, radius, effective temperature, and metallicity of the star, for which we assumed the following normal prior distributions: M = 0.089 ± 0.006M , R = 0.121 ± 0.003R , T ef f = 2516 ± 41K, and [F e/H] = 0.04 ± 0.08 (Van Grootel et al. 2018) , respectively.
We first assessed a Correction Factor CF for each individual light curve via a short (10,000-steps) Markov chain. This correction factor was then used to rescale the photometric error bars while accounting for a possible inadequate estimation of the white noise (βw) and the presence of red noise (βr) via CF = β w * β r . β r allows to account for possible correlated noise present in the light curve, this scaling factor is determined by following a procedure similar to the one described Winn et al. (2008) it is obtained by comparing the standard deviations of the binned and unbinned residuals for different binning intervals ranging from 5 to 120min, i.e. the typical time scales of an eclipse light curve (e.g. the duration of ingress or egress).
. We then ran 2 chains of 100,000 steps for each light curve and successfully tested their convergence using the statistical test of Gelman and Rubin (1992) .
The results obtained from theses individual analyses are shown in Appendix Table 8 for SSO, in Appendix Table  9 for K2, and in Appendix Table 10 for LT. Each table gathers for each planet the transit times and depths derived from these individual analyses. The results are discussed in Section 3.
Global analyses
Our next step was to perform, for each planet and for each dataset (K2, SSO, and LT), a global analysis of all transit light curves, to better separate the actual transit signals from the correlated noise of similar frequencies, and thus to improve the accuracies of the derived transit depths.
These global analyses were done in two steps: first, for each planet and each instrument (K2, SSO, and LT), a general global analysis of all the transits with common transit shape parameters, followed by a global analysis allowing for transit depth variations.
We used the same priors on the stellar parameters as reported in Section. 2.2.1. However, in this global analysis, we set a transit timing variation (TTV) as a jump parameter for each transit, fixing the planetary periods P and reference transit timings T 0 to those reported in Delrez et al. (2018) . This global analysis includes 6 shared parameters across transits (the stellar parameters M * , T ef f , R * , [Fe/H] + limb darkening coefficients), for each planet the individual parameters are df and b, and same number of TTV than number of transits.
For each transit, we assumed the baseline model derived from the individual analysis, following the same procedure to rescale the photometric error bars, and derived our parameter estimates from the posterior distributions obtained from two Markov chains of 100,000 steps, with 25% burn-in phase, whose convergence was checked using the Gelman and Rubin (1992) test. The transit depths obtained for each data set are displayed in Table 2 .
In a second step, we thus performed similar global MCMC analyses, but this time with the depths of all individual transits as jump parameters for all three instruments (K2, SSO, and LT). The aim here was to benefit from the constraint brought by the common transit shape (duration, impact parameter) to derive more accurate individual Table 2 . Transit depths derived from the global analysis of all transits of each planet. Observations from K2, SSO, and LT were processed independently.
transit depths, and thus to better assess their potential variability. This time the analysis includes 4 shared parameters across transits (the stellar parameters M * , T ef f , R * , [Fe/H]), for each planet there is as many individual transit depths as transit plus the impact parameter (limb darkening coefficients are fixed) , and same number of TTV than number of transits. Table 11 , 12 and 13 in the appendix present our measured transit depths as deduced from our global analyses of SSO, K2, and LT transits, respectively. Their temporal evolution is shown for each planet in Fig. 1 (we did not plot Liverpool data because of the few number of light curves, but the values can be found in Table 13 ). For further comparison, these figures also display the medians of the global MCMC posterior probability distribution functions (PDFs) as measured with Spitzer at 4.5 µm by Delrez et al. (2018) , and also the PDF derived from the MCMC analyses assuming common transit depths.
We compared the results obtained from the individual and global analyses of the transits and found them to be fully consistent. Accurately constraining the transit shape through a global analysis slightly improves the errors on the depths or timings for some transits, while others have larger errors due to the clearer separation between signal and red noise. For this reason, we adopt the results of our global analyses as our final ones.
RESULTS AND DISCUSSION
Temporal evolution of the transit depths
Changes in the transit depths measured for a planet in a given bandpass could result from the evolution of stellar heterogeneities on or outside the chord transited by the planet. Fig. 1 shows the evolution of the transit depths derived from our global analyses of K2 and SSO light curves. These analyses assumed a common transit profile -except for the depths-for each planet and each instrument to better separate the correlated noise from the transit signals and thus guarantee robust results on the transit depths. From those results, we notice that for all planets the depths are consistent from a transit to another, with no discrepancy larger than 3σ. We computed the standard deviation of the measurements and compare it to the mean value of the measurement errors for each dataset, the values are presented in Table. 3.
We found that the standard deviation is consistent with the mean of the measurements errors for most of the planets/instruments associations. The exceptions are planet c (SSO, LT) and planet d (K2), where the dispersion of the measurements is actually larger than the mean errors. These mild discrepancies could be genuine, but they could also originate from small-number statistics. Indeed, only 4 transits are used to compute the statistics for LT, 11 transits for SSO for planet c, and 10 transits for planet d.
Looking at the few transits that were observed simultaneously with Spitzer (values from ) and K2 (see Table. 9) on one hand and with SPECULOOS (see Table. 8) and LT (see Table. 10) on the other hand, we see that the transit depths values are in agreement with one another (see Table. 4), K2 error bars being significantly larger than Spitzer error bars. For certain transits, the value derived from K2 is larger than the one derived from Spitzer, while for others it is the opposite. We can conclude on the transit observed simultaneously by SPECULOOS and Liverpool as it is unique. Delrez et al. (2018) . Events are ranked in order of capture, left to right (but not linearly in time). Right: Similarly, but for transit observed with SSO. Neither SSO or K2 data show significant variability (less than 3σ).
Combining the results of our analyses to the ones presented by Delrez et al. (2018) for Spitzer measurements and by de Wit et al. (2018) for HST/WFC3 measurements, we construct the broadband 0.8-4.5 µm transit transmission spectra of TRAPPIST-1 planets (Fig. 2) .
We first note that although the measurements obtained with the HST data do not show features over the WCF3 band (1.1 to 1.7 µm), the transit depths are significantly deeper than those obtained at other wavelengths for planets b and d. Although this is intriguing, these deeper transits could very well have an instrumental origin. Indeed, as HST is on a low-Earth orbit, it can monitor TRAPPIST-1 for an average of ∼50 minutes per orbit out of the ∼95 minute orbital duration. The observation of a transit during an HST visit is typically based on 4 or 5 orbits. Due to the small transit durations of the TRAPPIST-1 planets, only one window per visit covers a transit. Yet, although the transit durations of TRAPPIST-1 planets are short, they have roughly the same duration of HST's observation window leading to a small (and at times negligible) constraint on the baseline level from the in-transit orbit. As HST/WFC3 spectrophotometric observations are affected by orbit-dependent systematic effects, such a limited constraint on the baseline level from the orbit constraining the transit depth can result in a diluted or amplified monochromatic transit depth. The current measurements are particularly limited in such joint "transit depth-baseline level" measurements . . . . Figure 2 . Spectra of the seven TRAPPIST-1 planets. The continuous line is the weighted mean of all non-HST measurements for each planet (with its 1 σ confidence, in shades of grey). Each point stands for the median of the global MCMC posterior PDF with error bars at the effective wavelength of the instrument (13 points (14 for T1b) per planet: one for K2, one for SSO, one for LT, 9 for HST/WFC3 and one (two for T1b, 3.6µm and 4,5 µm) for Spitzer). Fig. 2 . We also note that the transit depth measured for planet f at 0.6µm (K2) is ∼3-σ shallower than the mean of the other measurements. This measurement could be explained by its low statistical significance (only 6 transits) or by the detrending of K2 systematic effects and significant stellar variability applied to the light curve before its modeling (see Section 2.1). Nevertheless, there seems to be no significant biases from detrending in the other planets measurements so we would better wait for the analyses of additional transits of planet f in this bandpass to confirm or discard this value. For the other planets, no significant chromatic variation is observed. We note that an argument against a stellar contamination origin of the structure visible in the transit spectra of planets b, d, and f, is the absence of similar structures for planets with similar transit impact parameters, i.e. transiting nearly the same chords of the stellar disk. Figure 3 . Left: Period-folded photometric measurements obtained by K2 near the transits of the seven planets, corrected for the measured TTVs. Colored dots show the unbinned measurements; open circles depict the 5minute-binned measurements for visual clarity. The best-fit transit models are shown as dark blue lines. The numbers of transits that were observed to produce these combined curves are written on the plot. Right: Similarly but for SSO.
SPECULOOS
Confrontation with the stellar contamination model of Z18
The strong stellar contamination inferred for TRAPPIST-1 planets by Z18 is based on the model presented by Rackham et al. (2017) , which assumes an heterogeneous photosphere composed of unocculted spots and faculae, and is described by the equation:
in which λ,s+f is the ratio of the observed transit depth D λ,obs by the nominal transit depth D λ (i.e., the square of the true wavelength-dependent planet-to-star radius ratio) and represents the stellar contamination at wavelength λ; F λ,phot , F λ,spot and F λ,f ac refer to the flux of the mean photosphere, spots and faculae respectively; and f spot and f f ac refer to the unocculted spot-and faculae-covering fractions (Rackham et al. 2018 ).
The contamination spectrum λ,s+f was then multiplied with an assumed wavelength-independent nominal planetary transit depth by Z18 to obtain a transit spectrum whose wavelength-dependence is only due to the stellar contamination. Ultimately, they fitted the percentages of spots and faculae covering fractions, as well as their temperatures and that of the mean photosphere, to represent at best the transit spectra of the TRAPPIST-1 planets that they measured from the HST/WFC3 presented in de de Wit et al. (2018) . The authors chose to combine spectra of several planets, justifying their choice by the improved signal-to-noise ratio in detecting common spectral features. To enable a straightforward comparison with the Z18 results, we added our measured transit depths of different planets to obtain the same combinations used by Z18.
The transit depth values obtained from our global analysis of K2, SSO, and LT transits, plus the values measured at 4.5 µm with Spitzer by Delrez et al. (2018) , and at 1.1-1.7 µm with HST/WFC3 by de are displayed in Fig.4 for the combination of planets b and c and Fig.6 in Appendix for b+c+d+e+f+g, superimposed with the best-fit stellar contamination model of Z18. Appendix Table 14 gathers the results for those two combination as well as the other combination used in Z18 (d+e+f+g). [Zhang et al. (2018) ] at two different resolutions (continuous black line and gray line) with the K2, SSO and LT measurements presented in this work, and the Spitzer and HST/WFC3 presented in Delrez et al. (2018) and de Wit et al. (2016) , respectively (red points). The green line represents the weighted mean of all measurements except HST for the reasons outlined earlier in Section. 3.2. Finally, the gray horizontal bars are the band-integrated value for the Z18 model on the effective bandpass of each filter (define as the interval were the product of the filter response and the stellar spectrum is greater than 1%).
The expected transit depths from the best-fit stellar contamination model of Z18, integrated over the spectral bands of the observations, are reported in Appendix Table 14 for the combination of planets b+c, b+c+d+e+f+g, and d+e+f+g, along with the actual measurements. To compute those values, we multiplied the contamination spectrum λ,s+f inferred in Z18 by the maximum combined transit depth for the corresponding combination of planets D b+c , measured from HST/WFC3 data by de Wit et al. (2016) .
As shown in Fig. 4 and Table 14 , the dramatic drop of the transit depth in the visible predicted by Z18 model is not observed. As a matter of fact, the Z18 prediction for K2 bandpass are discrepant by more than 10σ from the observations, at ∼ 6.5σ for SSO, at ∼ 3.5σ for Liverpool, and ∼ 1.4σ for Spitzer. The contamination model inferred by Z18 can thus be firmly discarded. It should also be noted that Z18 attributed an inverted water absorption spectral feature to low-significance variations present in their analysis of the HST measurements. However, in de Wit et al.
(2016) data we do not see significant traces of this inverted water absorption feature (see zoomed box in Fig. 4) .
Finally, in Z18, the sum of the spot and faculae covering fraction approaches 100% with spot of size R spot = (1.63 ± 0.50) × 10 3 km (Rackham et al. 2017 ), while we know from Delrez et al. (2018) that the chords of transit of the TRAPPIST planets cover at least 56% of a stellar hemisphere. Z18's model should therefore predict a significant number of spot crossing event with amplitudes of the order of 400ppm (Rackham et al. 2017) . Quantitatively, according to Z18 for T-1b+T-1c we would expect a frequency rate of 18% spot crossing and 34% of faculae crossing events. We analysed all light curves individually, we see comparable variability in and out of transit, at a significantly lower level than expected (maximum 200ppm) and no asymmetries in the amplitude of the residuals.
While the model of Z18 is discarded by our data, a significant stellar contamination of TRAPPIST-1 planets' transmission spectra remains a possibility. Indeed, the star's photosphere is definitely heterogeneous, as its K2 photometry shows a quasi-periodic variability of a couple % with a dominant period of 3.3d that is consistent with the rotation of an evolving inhomogeneous photosphere (Luger et al. 2017) , or with the characteristic timescale between flares followed by spot brightening (Morris et al. 2018, hereafter M18) . The photometry of the TRAPPIST telescope (Gillon et al. 2011 ) also shows variability of similar amplitude, with a dominant period identified to be ∼1.4d by Gillon et al. (2016) . We note that this latter value is close to the alias of 3.3d, suggesting that the periodogram analysis done by Gillon et al. (2016) did not identify the right period because of the discontinuous sampling of the TRAPPIST observations, or that the variability is only quasi-periodic. While not stated explicitly, the photospheric model of Z18 considered solar-like spots + faculae, and not giant spots + faculae, as this is the only way for the percentages obtained for the best fit (∼ 30% of spots and ∼ 63% of faculae) to agree to a certain extent with the predictions of R18 on which it is based (8 +18 −7 % of spots and 54
+16
−46 % of faculae). At this point, it is worth explaining what is meant by giant spots and solar spots. The "solar spot" model used in R18 relies on small time-steady rotating spots to produce the predicted variability amplitude in transit depth. As the variations in flux cancel out when the spots rotate onto and off of the visible photosphere, a large number of spots are required to reach the predicted transit depth variation, leading to a large, heterogeneous, but nearly time-steady component. Conversely, the "giant spot" model shows large amplitude variability with small covering fraction as there is no cancellation between spots rotating on and off, and giant spots therefore have a variable component.
If instead of considering solar-type spots + faculae, we consider giants spots + faculae, we notice that the prediction from CPAT (composite photosphere and atmospheric transmission) model of Rackham et al. (2017) on the transit depth variations are much less pessimistic (not more than 0.7% difference between transit depth at 4.5µm and at 0.6µm for an M9V type star, R18, Fig. 7 ). We could thus imagine that the photosphere of TRAPPIST-1 is more likely to host giant spots than solar-like spots. In this case it is worth noticing that according to the predictions of R18, for Earth-twin type planets, the stellar heterogeneity does not jeopardize the detection of planetary atmospheric features with JWST anymore. Considering a precision of 30ppm with JWST, R18 indicates that for a M8V type star like TRAPPIST-1 the depth variations due to atmospheric features should be of the order of 90ppm whereas the variations due to stellar heterogeneity should be of the order of ≈17ppm, consequently allowing detections of planetary features despite stellar contamination.
As discussed above, the TRAPPIST-1 planets cover a significant part of the hemisphere of the star from latitudes up to 30
• , latitudes where we find spots on the Sun (Miletskii and Ivanov 2009 ). The next logical step is to look for giant spot-crossing events in the transits of the TRAPPIST-1 planets. In the observations carried out by Spitzer the in and out of transit variability was more likely attributed to systematic effects or granulation variability (see Delrez et al. 2018 ). Yet the spot-to-photosphere contrast is wavelength-dependent such that spot-crossing events are not detectable at all wavelengths (see Ballerini et al. 2012) . However, our analyses of observations in the visible and near-IR carried out by K2, SPECULOOS and Liverpool telescope do not show transit depth variability that could have been attributed to stellar spot crossings during transits (see Section. 3.1). A possible scenario allows for giant spots consists of high-latitude spots that never cross the planets' transit chords, in a similar manner as the circumpolar spots observed for young mid-to late-type M-dwarfs not older than 1 Gyr (see Barnes et al. 2015) ; this potentially could explain the variability detected in the K2 bandpass. However, TRAPPIST-1 is not a young dwarf, its age having been estimated to be 7.6 ± 2.2 Gyr by Burgasser and Mamajek (2017) , and the out-of-transit rotational variability resulting from a giant, dark polar spot does not match the small observed variability of 2ppm ) seen in the infrared (Morris et al. 2018 ). In addition, the giant spot model is disfavored by the correlations between flares and spot brightening seen in the K2 dataset, which indicates that the brightening is not due to spots rotating out of view, but rather due to a temporary brightening of the star which follows each flare event (Morris et al. 2018 ).
Small hot faculae?
In their studies, R18 and Z18 assumed that the active regions of TRAPPIST-1 are qualitatively similar to solar active regions in the spot and facular flux contrasts, and in the relative areas of each component. However, there is abundant evidence that the Sun is a poor analog for the starspot distributions of fully-convective stars (Donati et al. 2003; Morin et al. 2008 Morin et al. , 2010 Barnes et al. 2015) , which are likely driven by a different magnetic dynamo process (Donati 2011; Reiners 2012) . Morris et al. (2018) presented an alternative, empirically-driven hypothetical spot distribution for TRAPPIST-1, consisting of a few small, bright (hot) spots. The proposed hot spots, which are correlated with the brightest flares, drive the modulation with an 3.3 day period in the K2 bandpass without generating a corresponding signal in the Spitzer 4.5 µm band, in agreement with the observations.
We predict the effect of the hot spots of Morris et al. (2018) at 4500 K on the transit depths of TRAPPIST-1 b and c in Fig. 5 . These spots produce a nearly-flat contamination spectrum for wavelengths 0.7µm, and modest flux dilution (shallower transit depths) in the K2 bandpass. We find that spots with temperatures up to 4500 K are consistent at ∼ 2σ with the observed transit depths, excluding the HST data for the reasons discussed above. . . . .
Wavelength [µm]
Transit Depth [%] TRAPPIST−1 b+c Figure 5 . Comparison of the observed transit depth variation (red points) with the predictions from stellar contamination due to the bright spots proposed by Morris et al. (2018) for spots at 4500K (gray continuous line). We used PHOENIX model atmospheres with photospheric temperature 2511 K and the hot spot properties in M18.
CONCLUSION
We performed individual and global analyses of 169 transit light curves obtained from space with K2 and from the ground with SSO and LT as well as the light curves obtained from mid-IR observations with Spitzer and near-IR with HST/WFC3 to construct the broadband transmission spectra of the TRAPPIST-1 planets over the 0.8-4.5µm spectral range. While we could not find any significant temporal variability of the transit depths measured by the same instrument, our analysis reveals chromatic structures at the level of only 200-300ppm in the transit transmission spectra of planets b, d, and f. These results enable us to discard the highly heterogeneous photospheric model presented by Z18 and their subsequent conclusions regarding the potential of JWST to characterize the atmospheric properties of TRAPPIST-1 planets by transit transmission spectroscopy. We identify two possible photospheric structures for TRAPPIST-1 that could agree with our results, one dominated by a few high-latitude giant (cold) spots, which is disfavored for different reasons, and the other by a few small and hot (> 4000K) faculae. Although our measurements do not confirm the conclusions of Z18, they cannot rule out a significant stellar contamination of the planets' transmission spectra. The recent announcement of the delayed launch of JWST gives us the opportunity to investigate further the photospheric structure of TRAPPIST-1 -notably through photometric monitoring at different wavelengths-and its impact on the planets' transmission spectra. Furthermore, the JWST delay offers more time for the development of new strategies to optimally disentangle the stellar (contamination) and planetary (transmission) effects. Notes. For each light curve, this table shows the date of acquisition, the used instrument, the number of data points, the epoch based on the transit ephemeris presented in , the selected baseline function (see Section.2) and the deduced values for βw , βr , and CF = βr * βw (see Section.2). For the baseline function, p( N ) denotes, respectively, a N-order polynomial function of time ( = t), the full width at half maximum ( = fwhm), x and y positions ( = xy), the background ( = b), the airmass ( = a) and a scalar ( = s). Table 9 . Transit timings and depths obtained from the individual analyses of K2 light curves. Each row represents a transit, the first column gives the planet's name, the second the epoch of the transit, the third the mid-transit timing and the corresponding error resulting from the analysis and the last column the transit depth and corresponding error resulting from the analysis. Table 12 . Median values and 1-σ limits of the posterior PDFs deduced for the timings and depths from their global analyses for K2 observations. Each row represents a transit, the first column gives the planet's name, the second the epoch of the transit, the third the mid-transit timing and the corresponding error resulting from the analysis and the last column the transit depth and corresponding error resulting from the analysis. Table 13 . Median values and 1-σ limits of the posterior PDFs deduced for the timings and depths from their global analyses for Liverpool telescope observations. Each row represents a transit, the first column gives the planet's name, the second the epoch of the transit, the third the midtransit timing and the corresponding error resulting from the analysis and the last column the transit depth and corresponding error resulting from the analysis. TRAPPIST−1 b+c+d+e+f+g Figure 6 . Comparison of the stellar contamination spectrum inferred by Z18 for TRAPPIST-1 b+c+d+e+f+g transits [Zhang et al. (2018) ] at two different resolutions (continuous black line and gray line) with the K2 and SSO measurements presented in this work, and the Spitzer and HST/WFC3 presented in Delrez et al. (2018) and de Wit et al. (2016) , respectively (red points). The green line represents the weighted mean of all measurements except HST for the reasons outlined earlier in Section. 3.2. Finally, the gray horizontal bars are the band-integrated value for the Z18 model where the integrals are weighted uniformly in wavelength. 
E. LIMB-DARKENING
